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The orientation of cells in two-dimensional and three-dimensional space underpins how
the kidney develops and responds to disease. The process by which cells orientate
themselves within the plane of a tissue is termed planar cell polarity. In this Review,
we discuss how planar cell polarity and the proteins that underpin it govern kidney
organogenesis and pathology. The importance of planar cell polarity and its constituent
proteins in multiple facets of kidney development is emphasised, including ureteric
bud branching, tubular morphogenesis and nephron maturation. An overview is given
of the relevance of planar cell polarity and its proteins for inherited human renal
diseases, including congenital malformations with unknown aetiology and polycystic
kidney disease. Finally, recent work is described outlining the influence of planar cell
polarity proteins on glomerular diseases and highlight how this fundamental pathway
could yield a new treatment paradigm for nephrology.

Keywords: cytoskeleton, extracellular matrix, glomerular disease, kidney development, polarity, polycystic
kidneys

INTRODUCTION

The generation of normal adult renal structure and function is not only defined by the diversity of
cell types within the kidney, but also the orientation of these cells in two-dimensional and three-
dimensional space. The correct orientation of cells is required for the mechanical and molecular
interactions that dictate how organs develop in the embryo, their physiological functions and also
their response to injury. A critical determinant of these processes is cell polarity, the organised
establishment of asymmetry in the shape or molecular profile of cells or groups of cells.

There are two forms of cell polarity. Using the renal tubule as an example (Figure 1A), the
first form is apical-basal polarity. Apico-basal polarity is dictated by the asymmetric distribution of
proteins, organelles and the cytoskeleton between luminal and abluminal sides of tubular epithelial
cells (Riga et al., 2019). The second form of cell polarity, and the focus of this Review, refers to the
orientation of adjacent tubular epithelial cells perpendicular to the apico-basal axis. This form of
polarity, within the two-dimensional plane of the tubule, is termed planar cell polarity (PCP) and
controls multiple cellular behaviours collectively referred to as planar-polarised behaviours. PCP is
required for early events during embryonic development such as the proper layout of the embryonic
body plan (Gray et al., 2011; Roszko et al., 2015) and neural tube closure (Nikolopoulou et al., 2017;
Butler and Wallingford, 2018). Later in development, PCP is key in orchestrating the formation of
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functional organs (Henderson et al., 2018). More recently, roles
for PCP are emerging in postnatal contexts including cancer,
wound healing and lung disease (Findlay et al., 2016; Daulat and
Borg, 2017; Poobalasingam et al., 2017).

In this Review, we outline the relevance of PCP
for nephrology. We first provide an overview of the
proteins responsible for PCP and how it is regulated.
We then highlight the diverse roles for PCP proteins in
multiple facets of normal kidney development; discussing
the evidence for planar-polarised behaviours or other
functions of PCP proteins in each context. Finally, we
discuss recent evidence implicating PCP proteins in
inherited and acquired forms of kidney disease, including
congenital malformations of the kidney and urinary
tract (CAKUT), polycystic kidney disease (PKD), and
glomerular diseases.

A BRIEF OVERVIEW OF PLANAR CELL
POLARITY

Molecules Involved in Planar Cell Polarity
The signalling molecules governing PCP were first discovered
by screening for genes responsible for the uniform orientation
of hairs on the wing and abdomen of the fruit fly (Simons
and Mlodzik, 2008). These experiments identified a set of
evolutionarily conserved proteins constituting the “core” PCP
pathway (reviewed in Simons and Mlodzik, 2008; Gray et al.,
2011; Davey and Moens, 2017; Butler and Wallingford, 2018).
Transmembrane receptors, including Cadherin EGF LAG seven-
pass G-type receptor (CELSR), Van Gogh (VANGL) or Frizzled
(FZD) (Table 1) transmit information on the polarity of a
cell to its neighbours (Butler and Wallingford, 2017). These
receptors, once stimulated, signal to cytoplasmic proteins
such as Dishevelled (DVL) or Prickle (PK) which activate
downstream effector molecules (Davey and Moens, 2017) and
drive cytoskeletal alterations within the cell. In this way,
polarity cues are propagated to influence cell shape and
behaviour (Figure 1B; Winter et al., 2001; Yasunaga et al.,
2015). A characteristic feature of the core PCP pathway is the
accumulation of different proteins, such as VANGL and FZD, on
opposing sides of the same cell relative to the plane of the tissue
(Zallen, 2007); setting the direction of planar polarity. Molecular
asymmetry of PCP proteins is maintained across individual cells
within polarised tissues by cell-cell contacts. Cell-cell contact
facilitates signalling complexes between PCP proteins on adjacent
cells; allowing these cells to relay polarity cues to one another
within a tissue (Butler and Wallingford, 2017).

The Fat (Ft)-Dachsous (Ds)-Four-jointed (Fj) module is
another pathway identified in fruit fly which has been shown to
regulate PCP (reviewed in Matis and Axelrod, 2013). There is also
some evidence, from genetic knockout studies, that the mouse
homologues of this pathway may interact with core PCP proteins
to coordinate planar-polarised behaviours in mammalian systems
(Saburi et al., 2008, 2012). However, asymmetric expression of
the mammalian homologues of the Ft-Ds-Fj module is yet to be
demonstrated (Devenport, 2014).

Extracellular and Intracellular Control of
Planar Cell Polarity
Multiple extracellular and intracellular cues coordinate planar-
polarised behaviours via direct or indirect activity on PCP
proteins. Extracellular cues include biochemical stimuli, such as
the PCP-associated WNT ligands WNT5A (Qian et al., 2007) or
WNT11 (Chu and Sokol, 2016), which can appear in gradients
across polarised tissues and influence PCP signalling by binding
FZD receptors on cells (Habas et al., 2003; Gao et al., 2011,
2018; Chu and Sokol, 2016). Extracellular mechanical forces,
generated by tissue growth (Aw et al., 2016) or fluid flow
(Guirao et al., 2010), also influence and maintain planar polarity.
Within cells, PCP proteins are subject to post-translational
modification such as ubiquitinylation (Narimatsu et al., 2009;
Cho et al., 2015) or phosphorylation (Shrestha et al., 2015;
Kelly et al., 2016). These modifications in, addition to trafficking
by microtubules (Shimada et al., 2006; Matis et al., 2014)
or endocytosis (Devenport et al., 2011; Heck and Devenport,
2017) lead to the stabilisation, internalisation, redistribution, or
degradation of PCP proteins to establish molecular asymmetry.
Additionally, several intracellular molecules, such as dishevelled-
associated activator of morphogenesis (DAAM) 1 and 2 (Habas
et al., 2001), Scribble (SCRIB) (Courbard et al., 2009), and ATM
interactor (ATMIN) (Goggolidou et al., 2014) interact with core
PCP proteins to modulate planar-polarised behaviours. Thus,
PCP is a dynamic process, whereby extracellular cues globally
align cells in a tissue plane and intracellular cues fine-tune the
responsiveness of individual cells to polarisation. Whether other
factors characteristic of the microenvironment within the kidney,
such as pH gradients, hypoxia or osmolality, influence planar-
polarised behaviours or PCP proteins has not been explored.

PLANAR CELL POLARITY
ORCHESTRATES KIDNEY
ORGANOGENESIS

PCP signalling elicits a variety of planar-polarised behaviours
during the formation of organs, including orienting the axis of
cell division (Gong et al., 2004; Ségalen et al., 2010; Li et al.,
2017). During embryonic development, oriented cell division
facilitates the segregation of cells during stem cell differentiation
(Segalen and Bellaïche, 2009) and drives the elongation of tissues
(Keller, 2006). PCP is also important in orchestrating collective
and stereotypical movements of cells (Carmona-Fontaine et al.,
2008; Tada and Heisenberg, 2012; Stramer and Mayor, 2017).
The best studied collective cell movement governed by PCP
is convergent extension, during which groups of cells narrow
and intercalate along one axis and extend in the other (Tada
and Heisenberg, 2012). Convergent extension results in tissue
elongation (Huebner and Wallingford, 2018) and is a prominent
feature of early embryogenesis and later organ formation (Ybot-
Gonzalez et al., 2007; Chacon-Heszele et al., 2012).

Given these diverse functions, it is unsurprising that PCP
signalling orchestrates several developmental phenomena during
organogenesis of the kidney. The adult kidney originates
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FIGURE 1 | The principle and pathway of planar cell polarity and its role in branching morphogenesis. (A) The principle of planar cell polarity (PCP). An individual
tubular epithelial cell is shown from a tubule cut lengthways. The axis formed between the luminal side of the cell and the abluminal side is termed the apico-basal
axis. Conversely, the axis of orientation within the plane of the tubule is the axis of PCP. A key feature of PCP is the asymmetric expression of core PCP proteins,
such as VANGL and FZD, setting the direction of polarity across the plane of the tubule. (B) The planar cell polarity pathway and its proteins, as demonstrated in a
tubular epithelial cell. Binding of WNT ligands (WNT5A or WNT11) to FZD receptors leads to the recruitment of DVL proteins to the membrane resulting in the
formation of a multi-protein complex. This complex interacts with multiple effector molecules. Downstream of DVL, two independent and parallel pathways have
been proposed. The first pathway signals to RHOA through the formin homology protein; DAAM1, and ROCK. The second pathway involves the adaptor proteins
DAPLE and LURAP, ultimately resulting in C-JUN-dependent transcription and coordinating planar-polarised behaviours. Other factors involved in PCP are shown in
the white box. (C) PCP and ureteric bud branching. Mutation or deletion of core PCP proteins in mouse lead to the simplification of ureteric bud branching,
particularly in the caudal component of the organ, accompanied by a reduction in kidney size. All mouse models with disruption of PCP proteins which have also
been demonstrated to have defective ureteric bud branching defects are shown in the white box.

from a primitive group of cells in the early embryo: the
intermediate mesoderm. This population of cells divides, moves
and eventually differentiates into a plethora of epithelial,
endothelial and interstitial cell-types (Park et al., 2018; Combes
et al., 2019) that together form the complex structure of
the mature kidney. Genetic knockout or mutation of PCP
protein-encoding genes, predominantly in mouse (Table 1), has
provided evidence for roles of PCP proteins during ureteric
bud branching, tubular morphogenesis and podocyte maturation.
A key limitation of these experiments is the challenge of
distinguishing underpinning cellular mechanisms. Alongside
their role in planar-polarised behaviours, PCP proteins may
have alternative functions, such as the spatial organisation of
the extracellular matrix (ECM) through regulation of matrix

metalloproteinase (MMP) activity (Williams et al., 2012; Dohn
et al., 2013; Jessen and Jessen, 2017). Thus, to identify a planar-
polarised behaviour is responsible for a given process in kidney
development, it is important to experimentally ascertain whether
molecular asymmetry of PCP proteins is a feature of each process
studied, and that this asymmetry is lost upon genetic perturbation
of PCP signalling.

Planar Cell Polarity and Ureteric Bud
Branching
The generation of the urinary collecting system is a highly
dynamic process, beginning when the ureteric bud epithelia
invades a “metanephric” mesenchymal population of cells near
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TABLE 1 | Summary of kidney phenotypes in mice with mutations or knockouts of core PCP protein-encoding genes.

Gene Function in PCP and localisation in kidney Phenotype in mutant or knockout kidneys Evidence for PCP in these contexts

Celsr Encodes a family of seven-pass transmembrane
proteins localised on membranes on the opposite
side of planar-polarised cells to FZD. Permits
exchange of polarity information between cells.
Celsr1-3 expressed on ureteric bud epithelium at
E14.5 (Shima et al., 2002). Celsr1 expressed by
S-shaped bodies, podocytes, and proximal tubular
epithelium at E18.5 (Yates et al., 2010)

Celsr1Crsh/+; Vangl2Lp/+: more rudimentary
ureteric trees than single heterozygotes defects and
more prominent in caudal region, tubular dilations
not observed, immature glomeruli (Brzóska et al.,
2016)

Celsr1Crsh/Crsh: reduced ureteric bud tip number
more prominently in caudal portion of the kidney,
cortical tubular dilation, no glomerular phenotype
(Brzóska et al., 2016)

Deviation of axis of mitotic spindles in tubular
epithelial cells in Celsr1Crsh/Crsh mice relative to
longitudinal axis of tubule (Brzóska et al., 2016),
suggestive of defective orientation of cell division.
Phenotypes from double heterozygous
Celsr1Crsh/+; Vangl2Lp/+ animals (Brzóska et al.,
2016) suggest these components interact and
potentially affect the same biological processes.
Other planar-polarised behaviours or asymmetric
expression of CELSR1 not reported during ureteric
bud branching or glomerular morphogenesis

Fzd Encodes G protein-coupled receptors which
accumulate on opposite side of cell membrane to
VANGL/CELSR in planar-polarised cells. Respond
to WNT ligands to align planar-polarised tissues.
FZD3 and FZD6 expressed by proximal tubular and
collecting duct epithelial cells at E18.5 (Kunimoto
et al., 2017)

Fzd3−/−; Fzd6−/−: dilation of proximal tubules and
collecting ducts (Kunimoto et al., 2017)

Fzd4−/−; Fzd8−/−: reduced ureteric bud tip
number (Ye et al., 2011)

FZD3 and FZD6 asymmetrically distributed on the
distal side of proximal tubular and collecting duct
epithelial cells (Kunimoto et al., 2017). Asymmetric
distribution of FZD4 and FZD8 not ascertained.
Increased number of epithelial cells in
cross-sections of proximal tubules and collecting
ducts of Fzd3−/−;Fzd6−/− embryonic kidneys
(Kunimoto et al., 2017)

Vangl Encodes proteins with four transmembrane
domains which accumulate on the opposite side of
cell membrane to FZD in planar-polarised cells.
Permits exchange of polarity information between
cells. VANGL1 and VANGL2 expressed by
collecting duct epithelial cells at E18.5 (Kunimoto
et al., 2017) and VANGL2 expressed by developing
podocytes at E17.5 (Rocque et al., 2015).

Vangl2Lp/Lp: reduced ureteric bud tip number,
immature glomeruli, proximal tubular, and collecting
duct dilation (Yates et al., 2010; Kunimoto et al.,
2017; Derish et al., 2020)

VANGL1 and VANGL2 asymmetrically localised on
collecting duct epithelial cell membranes (Kunimoto
et al., 2017) but asymmetry not clearly
demonstrated in podocytes. Increased number of
epithelial cells in cross-sections of proximal tubules
or collecting ducts of Vangl2Lp/Lp (Kunimoto et al.,
2017; Derish et al., 2020), Vangl21 Ex4/1 Ex4 and
Hoxb7-Cre;Vangl21 Ex4/fl (Derish et al., 2020)
embryonic kidneys. Changes in mitotic orientation
not examined in the context of reduced podocyte
number.

Vangl21 Ex4/1 Ex4*: dilation of collecting ducts
(Derish et al., 2020)

Celsr1Crsh/+; Vangl2Lp/+: as above (Brzóska et al.,
2016)

Ksp-Cre;Vangl1f l/fl ;Vangl2f l/fl : dilation of collecting
ducts (Kunimoto et al., 2017)

Hoxb7-Cre;Vangl21 Ex4/fl *: dilation of collecting
ducts (Derish et al., 2020)

Nphs2-Cre:Vangl21 Ex4/fl *: immature glomeruli
and reduced podocyte (Rocque et al., 2015)

Nphs2-Cre:Vangl2f l/fl : immature glomeruli
(Papakrivopoulou et al., 2018)

∗Vangl2 1Ex4 allele generated by crossing Vangl2fl/fl mouse with MORE-Cre to delete exon 4 of Vangl2 in all epiblast cells.

the tail-end of the embryo. Signals from the metanephric
mesenchyme cause the ureteric bud to branch, with each
branch terminating with a tip. Each tip is capped by
condensing mesenchyme: the cap mesenchyme, which gives rise
to all segments of the nephron. The ureteric bud branches
stereotypically in a process termed branching morphogenesis;
forming ∼3,000 tips by the end of mouse kidney development
(Short and Smyth, 2020) and generating the renal pelvis and
collecting duct network.

During early renal development, Celsr1-3 transcripts have
been localised to the ureteric bud by in situ hybridisation (Shima
et al., 2002). Knock-in β-galactosidase reporters have also shown
the ureteric bud to express Fzd4 and Fzd8 (Ye et al., 2011).
Disruption of core PCP proteins in mice (Table 1) results in
defective ureteric bud branching during kidney development,
which manifests as a reduced number of ureteric bud tips

(Figure 1C). For example, homozygous deletion of both FZD4
and FZD8 (Fzd4−/−; Fzd8−/−) results in a reduction in ureteric
bud tip number as early as embryonic day (E)12.5 (Ye et al., 2011);
2 days after the commencement of murine kidney development
(Lindström et al., 2018). Mice homozygous for Looptail
(Vangl2Lp/Lp) or Crash (Celsr1Crsh/Crsh) alleles; pathogenic
missense mutations in Vangl2 and Celsr1, respectively, also have
a reduction in ureteric bud tip number (Yates et al., 2010;
Brzóska et al., 2016). Detailed phenotyping of Celsr1Crsh/Crsh
kidneys has been performed at E13.5, by combining three-
dimensional imaging and computational analysis (Short et al.,
2014; Brzóska et al., 2016). In this model, the reduction in
ureteric bud tip number was found to be more prominent in
the caudal portion of the embryonic kidney (Brzóska et al.,
2016). This phenotype worsened upon compound mutation of
Celsr1 and Vangl2 (Celsr1Crsh/+; Vangl2Lp/+), suggesting that
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Celsr1 and Vangl2 interact during the branching of the ureteric
bud, as may be the case for FZD4 and FZD8 (Ye et al.,
2011). Taken together, these findings suggest that PCP proteins
regulate branching morphogenesis in the kidney, although the
implication of planar-polarised behaviour in this process requires
the identification of molecular asymmetry of PCP proteins in
ureteric bud epithelium. Moreover, an experimental model is
required to test whether ureteric bud branching defects in PCP
mutants are cell-autonomous, such as the specific deletion of
Vangl2 from the ureteric bud lineage using a mouse Hoxb7-Cre
line (Derish et al., 2020).

A number of genetic experiments have also shown that
molecules interacting with PCP are also involved in renal
branching morphogenesis. However, the roles of these molecules
appear unrelated to planar-polarised behaviours. For example,
deletion of WNT11; expressed by ureteric bud tip cells in
in mouse (Kispert et al., 1996) and humans (Rutledge et al.,
2017), leads to reduction of murine ureteric bud tip number
(Majumdar et al., 2003; O’Brien et al., 2018), but also causes
a reduction in the number of cap mesenchyme cells at
birth with altered polarity and disorganisation (O’Brien et al.,
2018). Consequently, a reduction in the secretion of key cap
mesenchyme factors involved in ureteric bud branching, such
as glial-derived neurotrophic factor (GDNF) (Majumdar et al.,
2003), may be responsible for the defects in branching observed
in this model. Wnt5a−/− mouse kidneys, which also have
reduced ureteric bud tip number (Pietilä et al., 2016), have
thickened basement membranes and alterations in laminin and
type IV collagen (Pietilä et al., 2016). Therefore, the impaired
branching phenotype in Wnt5a−/− kidneys could be explained
by defective interactions between PCP proteins and MMPs
(Williams et al., 2012; Dohn et al., 2013; Jessen and Jessen,
2017); resulting in dysregulation of ECM turnover and defective
ureteric bud architecture, however this hypothesis requires
further exploration. Ureteric bud branching defects in mouse
are also observed upon deletion of Fat4 (Mao et al., 2011,
2015) and Dchs1 (Mao et al., 2011; Bagherie-Lachidan et al.,
2015); mammalian homologues for Ft and Ds, respectively.
However, the precise role of FAT4 and DCHS1 in ureteric bud
branching is not yet clear, as neither protein is localised to
the ureteric bud (Mao et al., 2011, 2015; Bagherie-Lachidan
et al., 2015) and these models exhibit other renal anomalies
such as duplex kidney and alterations of GDNF signalling
(Mao et al., 2011, 2015; Bagherie-Lachidan et al., 2015; Zhang
et al., 2019).

Planar Cell Polarity During Renal Tubular
Morphogenesis
During nephron development, termed nephrogenesis, a subset
of cap mesenchymal cells differentiates into epithelium whilst
undergoing a series of complex morphological changes. In early
nephrogenesis, epithelial cell vesicles differentiate from the cap
mesenchyme, before progressing through “comma-shaped body”
and “S-shaped body” stages; both precursory to the nephron
(Oxburgh, 2018). This process of new nephron generation
continues after birth; ceasing within the first postnatal week

(Hartman et al., 2007). Based on knockout and knockdown
experiments in frog and mouse, it is unclear whether the
disruption of PCP proteins has significant consequence on the
early stages of nephrogenesis. For example, the expression of
early markers of nephron development, Lim1 and Hnf1β, remain
unchanged after depletion of Daam1 by morpholino injection
into eight-cell stage frog embryos (Miller et al., 2011). Moreover,
all precursory stages of nephron development described above
are present in Vangl2-, Celsr1-, and Wnt11-deficient mouse
embryonic kidneys (Yates et al., 2010; Brzóska et al., 2016;
O’Brien et al., 2018). Conversely, Wnt11 mutants have over-
representation of renal vesicles and reduced expression of genes
involved in nephron progenitor maintenance, including Six2
(Kobayashi et al., 2008) and Eya1 (Xu et al., 2014), but whether
this phenotype occurs due to dysregulated planar-polarised
behaviours remains to be ascertained.

During late prenatal stages of mouse gestation, S-shaped
bodies narrow and elongate. At these stages, the multiple
differentiated segments of the nephron are detectable, including
proximal tubular and collecting duct epithelium (Combes et al.,
2019). At late embryonic and early postnatal stages, maturing
murine renal tubules express CELSR1, VANGL1, VANGL2,
FZD3, FZD4, FZD6, and FZD8 proteins (Yates et al., 2010;
Babayeva et al., 2011; Ye et al., 2011; Kunimoto et al., 2017).
Recent evidence also indicates the asymmetric localisation of
VANGL and FZD proteins on opposing cell-cell boundaries
of collecting duct and proximal tubule cells; an asymmetry
that is lost in Vangl2Lp/Lp and Fzd3−/−; Fzd6−/− kidneys
(Kunimoto et al., 2017), indicative of planar-polarised behaviour
during tubule formation. Subsequent knockout studies have
indicated that loss of PCP proteins results in defects in renal
tubule morphogenesis. Administering an inducible dominant-
negative form of DVL2 in frog embryos resulted in renal tubular
dilation (Lienkamp et al., 2012). Similarly, Vangl2Lp/Lp, Fzd3−/−;
Fzd6−/−, Celsr1Crsh/Crsh mouse embryos, or mice deficient of
PCP-associated WNT ligands, exhibit dilation of either proximal
tubules, collecting ducts or both (Karner et al., 2009; Yates et al.,
2010; Babayeva et al., 2013; Brzóska et al., 2016; Kunimoto et al.,
2017). When Vangl1 or Vangl2 are knocked out specifically in
the ureteric bud or collecting duct lineages tubular dilations
are replicated (Kunimoto et al., 2017; Derish et al., 2020),
suggesting that these PCP proteins cell-autonomously regulate
tubular diameter (Table 1). An alternative possibility is that the
tubular dilation observed upon perturbation of PCP signalling
in the developing kidney may be a consequence of intra-tubular
pressure, as dilation of the tubules and collecting system is a
phenotype consistent with other genetic models of functional
obstruction (Airik et al., 2006; Caubit et al., 2008).

Disruption of two planar-polarised behaviours are thought to
underpin the tubular defects observed in PCP mutants (Figure 2).
The first of these is convergent extension, which is an essential
process in the narrowing and elongation of renal tubules during
kidney development. Studies in embryonic mice and frogs have
shown that cells of the developing renal tubular epithelium are
configured in “rosettes,” formed by the contraction of linked
edges of epithelial cells (Lienkamp et al., 2012). Similar epithelial
rosettes are also observed in extension of the germ-band in fruit
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FIGURE 2 | Planar cell polarity in tubular morphogenesis. Deletion of core PCP proteins from vertebrates results in defects in tubular morphogenesis during
development. PCP mutant tubules are dilated (A); a phenotype which may occur due to defects in two planar-polarised behaviours. The first is convergent
extension, defects in which have been inferred based on the increased number of epithelial cells per tubular cross-section (B) and consequently a reduction in
tubular elongation (C). The second planar-polarised behaviour which is impaired in these models is the orientation of cell division and, in kidneys with disruption of
core PCP components, this deviates from the plane of the tubule (D).
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fly where they facilitate convergent extension (Blankenship et al.,
2006). The resolution of these rosettes is proposed to reposition
cells and facilitate tissue elongation and narrowing in a PCP-
dependent process (Lienkamp et al., 2012). As evidence for this
in the kidney, rosette formation in renal tubular epithelium is
impaired upon inhibition of DVL2 in frog embryos (Lienkamp
et al., 2012). The failure of rosette formation in the developing
kidney due to PCP protein disruption has not been demonstrated
in mouse models per se. However mouse renal tubules deficient
in PCP proteins possess an increased number of epithelial cells
in cross-section (Karner et al., 2009; Kunimoto et al., 2017;
Derish et al., 2020). This defect has been interpreted to result
from defective convergent extension movements and tubular
shortening and is therefore taken as evidence for the impairment
of planar-polarised behaviour.

The second planar-polarised behaviour governing tubular
morphogenesis is the orientation of cell division. Toward the end
of murine gestation and within the first few postnatal days; the
orientation of mitotic spindles in proliferating tubular epithelial
cells is largely parallel to the axis of the tubule (Fischer et al.,
2006; Brzóska et al., 2016). Conversely, global knockout of Celsr1
(Brzóska et al., 2016) or conditional knockout of Vangl1 and
Vangl2 in tubules using Cre recombinase driven by cadherin
16 (CDH16, also known as kidney-specific protein) expression
(Kunimoto et al., 2017) at these stages causes the orientation of
dividing tubular epithelial nuclei to deviate. An understanding
of the temporal relationship between defective convergent
extension, misorientation of cell division and increase tubular
diameter and length would be considerably enhanced by recent
developments in live imaging of epithelia (Akram et al., 2019).

Planar Cell Polarity Proteins in Podocyte
Maturation
Alongside the glomerular capillary endothelium and basement
membrane, podocytes are a critical component of the kidney
filtration barrier. During renal organogenesis, precursors in the
proximal aspect of the S-shaped body commit to a podocyte
lineage (Yoshimura and Nishinakamura, 2019). From a simple
columnar epithelium, these precursors differentiate, forming
cells with a specialised morphology featuring cellular extensions,
called foot processes, which encircle the capillary wall. Foot
processes sit in apposition of each other at slit diaphragms;
the main size-selective barrier in the glomerulus, preventing
egress of macromolecules such as albumin into the urine. The
diverse morphological changes that occur to podocytes over
the course of their development (Schell and Huber, 2017) and
the requirement of foot process apposition for slit diaphragm
function has prompted the investigations into the expression of
PCP proteins and their roles in podocyte maturation. Podocytes
cultured from mouse or human express transcripts for PCP
core proteins including DVL2, VANGL1, VANGL2 and CELSR1,
with the latter two proteins detectable in podocytes during
development of the rodent glomerulus in vivo (Yates et al.,
2010; Babayeva et al., 2011). In the newborn rat kidney, electron
microscopy and immunogold staining has demonstrated SCRIB
at cell-cell contacts between immature podocytes. Conversely,

in the adult rat SCRIB is localised to foot processes and the
slit diaphragm (Hartleben et al., 2012). Similarly, VANGL2
has been detected at the basal aspect of developing podocytes
using immunohistochemistry of the E17.5 mouse kidney, but is
only weakly expressed in mature podocytes of the adult kidney
(Babayeva et al., 2013).

Perturbation of PCP proteins in mouse results in glomerular
defects during kidney organogenesis (Table 1). For example,
Vangl2Lp/Lp and Celsr1Crsh/+/Vangl2Lp/+ embryonic kidneys
possess a higher proportion of underdeveloped glomeruli with
smaller glomerular tufts and fewer capillary loops (Yates et al.,
2010; Babayeva et al., 2013; Brzóska et al., 2016). Despite a
reduction of proliferating glomerular cells in Vangl2Lp/Lp kidneys
(Yates et al., 2010), no changes in podocyte number were detected
in these models. Two recent studies have refined this work
by generating podocyte-specific knockout of VANGL2 using
a podocin (NPHS2)-Cre mouse line. Both studies exploiting
this model identified underdeveloped glomeruli (Rocque et al.,
2015; Papakrivopoulou et al., 2018). These conditional knockout
experiments indicate that VANGL2 may have a role in
podocyte maturation. However, the downregulation of VANGL2
expression in adult podocytes (Babayeva et al., 2013) suggests that
this role may be no longer required in fully developed podocytes.
Only one of the two studies reported a subtle reduction in
podocyte number which persisted into adulthood (Rocque et al.,
2015); a discrepancy which could be explained by differences
in quantification methods. Alternatively, the study reporting
reduced podocyte number included a loss-of-function allele of
Vangl2 within their experimental cross (Rocque et al., 2015),
and so discrepancy in podocyte count could result from variable
efficiency of VANGL2 deletion. Whether glomerular defects in
these mouse models arise from planar-polarised behaviours is
not clear, as the asymmetry of expression of VANGL2 other PCP
proteins has not been shown in podocytes or other glomerular
cell types. Moreover, there are inconsistency between models as a
glomerular phenotype is not observed in Celsr1Crsh/Crsh kidneys
(Brzóska et al., 2016) or upon NPHS2-Cre mediated knockdown
of Scrib (Hartleben et al., 2012).

Rather than orchestrating planar-polarised behaviours,
evidence from mouse studies and from in vitro investigations
point to a potential role for VANGL2 in the regulation of
cytoskeletal rearrangements during podocyte development.
In mouse and human podocyte lines a loss of cortical actin
stress fibres is seen upon knockdown of VANGL2 using small
interfering (si)RNA technology (Babayeva et al., 2011). Co-
immunoprecipitation studies of HEK293 cells demonstrate
VANGL2 forms a ternary complex with membrane-associated
guanylate kinase inverted 2 and nephrin (Babayeva et al.,
2011); both proteins of the slit diaphragm which are critical
for glomerular function (Balbas et al., 2014; Li et al., 2015). In
HEK293 cells, siRNA-mediated knockdown of VANGL2 reduces
the internalisation and endocytosis of nephrin (Babayeva et al.,
2013). These results should be interpreted with caution as they
have not been reported in cultured podocytes. However, they
indicate alternative functions of VANGL2 in podocytes, for
example, the regulation of nephrin to facilitate cytoskeletal
reorganisation in podocytes (Zhu et al., 2008). In these studies,
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stimulation of PCP signalling (Qian et al., 2007) by treating
cells with WNT5A increased number of cortical stress fibres
per cell (Babayeva et al., 2011) and increased internalisation
and endocytosis of nephrin (Babayeva et al., 2013). Thus,
the relationship between planar-polarised behaviours and the
regulation of cytoskeletal rearrangements during podocyte
maturation requires further investigation.

THE INVOLVEMENT OF PLANAR CELL
POLARITY IN RENAL DISEASES

Associations Between Variants of Planar
Cell Polarity-Encoding Genes and
Human Kidney Malformations
The complex renal phenotypes observed when PCP proteins are
mutated or knocked down in murine models have prompted
investigation into whether these proteins play a role in congenital
anomalies of the kidney and urinary tract (CAKUT). CAKUT
encompasses a diverse range of pathologies, including renal
agenesis, fused or ectopic kidneys and vesicoureteral reflux which
manifest from a combination of genetic, environmental and
epigenetic risk factors (Nicolaou et al., 2015). In addition to
renal phenotypes described above, deletion of PCP proteins in
mice results in complete failure of the neural tube; precursory
to the central nervous system, to close (Murdoch et al., 2014;
Galea et al., 2018). Variants in PCP protein-encoding genes in
humans have also been associated with a range of neural tube
defects (Juriloff and Harris, 2012), including the most common
form: spina bifida. Recent genetic screens have identified that
such variants perturb planar-polarised behaviours in fruit fly
(Humphries et al., 2020).

There is a long-documented association between neural tube
defects and CAKUT (Roberts, 1961). These two developmental
anomalies share a common link in their association with PCP
protein-encoding genetic variants. In an analysis of patients
from the California Birth Monitoring Program, 13 patients
were identified with spina bifida and heterozygous variants in
CELSR1, five of which had renal tract malformations detected by
ultrasound in the fetal or immediate postnatal period (Brzóska
et al., 2016). In this study, one patient had unilateral renal
agenesis with hydronephrosis of the remaining kidney. An
additional three displayed bilateral hydronephrosis and the
remaining patient was diagnosed with unilateral hydronephrosis.
Though the total number of cases in the patient cohort is small,
this represents the first study to identify genetic variants encoding
a PCP protein in individuals with both neural tube defects and
CAKUT. These findings encourage larger-scale investigations to
examine if PCP protein-encoding genetic variants are found in
patients with neural tube defects and CAKUT.

The Relationship Between Planar Cell
Polarity and Polycystic Kidney Disease
The most common form of polycystic kidney disease (PKD) is
inherited in an autosomal dominant (AD) manner and occurs
due to mutations in PKD1 and PKD2, encoding polycystin 1

and 2, respectively. In comparison, autosomal recessive (AR)PKD
arises most commonly from mutations in PKHD1, encoding
fibrocystin. The prevailing hypothesis in the mechanism of
cystogenesis in PKD is centred around the primary cilium. PKD1,
PKD2 and PKDHD1 are all expressed in primary cilia of renal
tubular epithelial cells and facilitate mechanosensation and Ca2+

influx in response to fluid flow (Nauli et al., 2003; Ward et al.,
2003). Mutation of the genes encoding these ciliary proteins lead
to fluid filled epithelial cysts, which expand and occupy the renal
parenchyma, eventually causing end-stage kidney disease (ESKD)
(Bergmann et al., 2018). There is considerable intrafamilial
variability in disease severity of both ADPKD (Lanktree et al.,
2019) and ARPKD (Bergmann et al., 2005). Thus, independent of
the causative mutation, there are likely unidentified genetic and
environmental factors that underlie the discordance in clinical
manifestation and disease severity in patients with PKD (Rossetti
and Harris, 2007; Leonhard et al., 2016).

Some of the phenotypes that occur when core PCP
proteins are deleted from mouse, such as tubular dilation
and defective oriented cell division, are also observed in
murine models of PKD. For example, dilation of tubules can
be histologically identified during embryonic development in
different mouse models of PKD. These models include the
orthologous Pkd1RC/RC mouse (Hopp et al., 2012; Jafree et al.,
2019); mimicking a human disease variant observed in patients
with ADPKD (pR3277C) and resulting in slow progressive cystic
disease (Hopp et al., 2012). Tubular dilation can also be observed
prenatally in the non-orthologous Cys1cpk/cpk mouse (Avner
et al., 1988), which phenocopies ARPKD pathology. Similarly,
postnatal deletion of Pkd1 from distal tubular segments of 1
week old mice, using an inducible Mx1-Cre allele, results in
focal cystic disease (Takakura et al., 2008). In this model, average
distal tubular circumference increases significantly 1 week after
inactivation of Pkd1 compared to age-matched controls (Luyten
et al., 2010). In the same experiment, there was a shift in the
orientation of dividing tubular epithelial cells away from the axis
of the tubules (Luyten et al., 2010). Defective oriented cell division
was also identified in the pck rat model of ARPKD (Fischer
et al., 2006), which develops cystic renal disease by 3 weeks of
age due to decreased expression of Pkhd1. Complementing these
findings, kidney lysates from paediatric patients with ARPKD
and ESKD contain an increased expression of PCP protein-
encoding transcripts, including WNT5A, VANGL2, ATMIN,
and SCRIB, compared to age-matched controls (Figure 3;
Richards et al., 2019).

Several lines of evidence from knockout studies in mice
suggest that disruption of core PCP proteins does not cause the
initiation of cysts in PKD. Firstly, loss of function of VANGL1,
VANGL2, CELSR1, or compound loss of FZD3 and FZD6 does
not cause a cystic phenotype in mouse kidneys (Yates et al., 2010;
Brzóska et al., 2016; Kunimoto et al., 2017; Derish et al., 2020),
albeit some of these studies only examined kidneys at embryonic
timepoints. Secondly, though defective orientation of cell division
has been observed in rodent models of PKD (Fischer et al.,
2006; Luyten et al., 2010), a non-cystic mouse model, in which
the fourth exon of Pkhd1 is disrupted in homozygosity, features
defective orientation of cell division and also an increased
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number of nuclei in transverse sections of collecting duct tubules
(Nishio et al., 2010). Moreover, upon deletion of Pkd1 or Pkd2
in murine collecting ducts, defective orientation of cell division
has been identified to follow tubular dilation (Nishio et al.,
2010). Collectively, these findings provide evidence that neither
PCP proteins nor planar-polarised behaviours are responsible for
initiating cyst formation in PKD.

To better understand the relationship between planar-
polarised behaviours and PKD, one study partially ablated cilia
from the murine renal collecting duct, which causes cystic kidney
disease (Lin et al., 2003). This model featured tubular defects of
convergent extension and orientation of cell division (Kunimoto
et al., 2017); mirroring the phenotypes observed upon knockout
of core PCP proteins. These results led the authors to postulate
that planar-polarised behaviours are independently governed by
PCP signalling and the activity of primary cilia, whereas only
defects in the latter are required for cyst initiation. However,
in the same model, asymmetric expression of VANGL1 and
FZD6 was maintained in cyst epithelial cells of postnatal mice
(Figure 3). Thus, molecular asymmetry and planar polarity may
be a feature of the expansion of cysts after their initiation
(Kunimoto et al., 2017), though a causative or correlative
association is yet to be determined.

Another area of research that requires further exploration is
the role of the mammalian equivalent of the Ft-Ds-Fj module in
PKD. Fat4−/− and Dchs1−/− knockout mouse kidneys possess

FIGURE 3 | Planar cell polarity and polycystic kidney disease.
(A) Upregulation of transcripts of proteins involved in PCP (shown in the white
box) have been detected in kidney lysates from paediatric patients with
autosomal recessive polycystic kidney disease (PKD). (B) In mouse models of
PKD, opposing epithelial cells lining cysts express VANGL1 and FZD6;
suggestive that PCP may be active during cyst expansion.

renal cysts at birth (Saburi et al., 2008; Mao et al., 2011, 2015).
Though Fat4−/− and Dchs1−/− embryos possess characteristics
that could suggest defective planar-polarised behaviours, such
as misorientation of stereocilia in the cochlea, widening of the
neural tube and disruption of orientated cell division in renal
tubular epithelium (Saburi et al., 2008; Mao et al., 2011), the
asymmetric expression of these proteins in tubular epithelial cells
has not been assessed. Moreover, deletion of Fjx1; the mammalian
homologue of Fj, did not worsen the cystic phenotype in mice
with postnatal deletion of Pkd1 in collecting ducts (Formica et al.,
2019). Compound loss of Fat4 with Vangl2 in mice, however, does
enhance the cystic phenotype compared to Fat4 loss alone (Saburi
et al., 2008), and raises the question as to whether FAT4 interacts
with core PCP proteins to modulate cyst expansion in PKD.

Planar Cell Polarity Proteins as Novel
Players in Glomerular Disease
Morphological changes to podocytes, including the retraction
and simplification of foot processes, is a common feature
of many forms of glomerular injury and is underpinned
by changes to cytoskeletal architecture (Schell and Huber,
2017). Experimental evidence indicating that VANGL2 regulates
cytoskeletal architecture of maturing podocytes has therefore
raised interest in the potential functions of this protein, or
other PCP proteins, in podocyte pathology and glomerular
disease. Accordingly, core PCP proteins or their transcripts
have been shown to be upregulated in murine and human
glomerular disease. One such mouse model of glomerular
disease is the nephrotoxic nephritis (NTN) model, in which
animals are pre-immunised with sheep immunoglobulin before
nephritis is induced by nephrotoxic globulin. In NTN mice,
progressive irreversible glomerular damage occurs, accompanied
by the upregulation of glomerular transcripts for Vangl2, Dvl2,
Fzd3, Fzd6, and Pk1 (Rocque et al., 2015). The NTN model
mirrors human rapidly progressive glomerulonephritis (RPGN)
(Pippin et al., 2009), and recently, transcripts for VANGL1,
VANGL2, CELSR2, DVL2, DVL3, PK1, and PK2 were found
to be significantly upregulated in two independents cohorts
of RPGN biopsies compared to living kidney donor controls
(Papakrivopoulou et al., 2018). Changes to these transcripts were
not observed in biopsies of patients with minimal change disease
compared to controls (Papakrivopoulou et al., 2018).

To begin to understand if PCP proteins have functional
relevance in glomerular disease, two studies have specifically
deleted VANGL2 from podocytes in mouse, which in adulthood,
results in no discernible changes to the ultrastructure of the
filtration barrier or significant impairment of renal function
(Rocque et al., 2015; Papakrivopoulou et al., 2018). In
both studies, however, it was found that downregulation of
VANGL2 in podocytes enhanced the severity of NTN, with
increased levels of urinary albumin and more glomerulosclerosis
compared with wild-type controls (Rocque et al., 2015;
Papakrivopoulou et al., 2018).

There are several potential explanations for the increase in
severity upon knockdown of podocyte VANGL2 in the NTN
mouse model. Neither study related the increase in severity
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to changes in planar-polarised behaviours per se. An attractive
possibility is that core PCP proteins, such as VANGL2 or FZD,
are upregulated in injured podocytes and are expressed on
opposing foot process interfaces to facilitate planar-polarised
behaviours (Figure 4); a molecular asymmetry that is yet
to be established. Against this hypothesis, the severity of
doxorubicin-induced nephropathy in mice, which mimics focal
segmental glomerulosclerosis in humans (Pippin et al., 2009),
did not change upon podocyte-specific knockdown of the PCP-
interacting protein SCRIB (Hartleben et al., 2012). Another
explanation for the increase in severity of NTN when VANGL2 is
deleted from podocytes is the regulation of podocyte cytoskeletal
architecture by VANGL2. As VANGL2 may interact with slit
diaphragm proteins such as nephrin and MAGI2 (Babayeva
et al., 2011), its loss could impair the ability of podocytes to
respond to injury (Schell and Huber, 2017). However, changes
in cytoskeletal patterning of podocytes were not examined in
either study. Other potential contributions include the loss
of average podocyte number per glomerulus observed upon
podocyte-specific Vangl2 deletion, which may exacerbate the
injury induced by NTN compared to control mice (Rocque
et al., 2015). A potential candidate underlying the more severe
glomerular injury upon podocyte-specific deletion of Vangl2
is MMP9; the expression of which increases upon deletion of
Vangl2 from podocytes in vitro and in vivo (Papakrivopoulou
et al., 2018). MMP9 is upregulated both in NTN and in

lipopolysaccharide-mediated reversible glomerular injury in
mice (Papakrivopoulou et al., 2018) and has previously been
implicated in the progression of murine experimental RPGN
through its fibrinolytic and immunomodulatory activity (Lelongt
et al., 2001; Kluger et al., 2013).

FUTURE DIRECTIONS

A substantial body of evidence implicates PCP proteins,
either acting through planar-polarised behaviours or via
alternative mechanisms, in eliciting a variety of roles during
normal and abnormal kidney development, polycystic
kidney disease and glomerular injury. However, several
unanswered questions and possibilities still remain. From
knockout and knockdown experiments in animal models, it is
becoming increasingly clear that planar-polarised behaviours
underpin tubular morphogenesis. However, the roles of PCP
proteins or planar-polarised behaviours during branching
morphogenesis in the kidney, or in other organs, remains
elusive. To generate hypotheses on the roles of PCP in
branching morphogenesis, possible experiments include
ureteric bud-specific knockdown with sophisticated three-
dimensional imaging techniques, such as two-photon (Jafree
et al., 2020) or light sheet microscopy (Klingberg et al.,
2017), and computational frameworks to quantify features

FIGURE 4 | Planar cell polarity proteins in podocyte development and disease. During glomerular development, VANGL2 is expressed on the basal aspect of
podocytes at the foot process interface, is downregulated in maturity and may be upregulated during glomerular injury. SCRIB expression persists in the basal
aspect of podocytes and in podocyte foot processes during their maturation. PCP may be a feature of developing or diseased podocytes, facilitated by asymmetric
expression of PCP proteins between interdigitating foot processes and facilitating planar-polarised behaviours. Alternatively, there is evidence for alternative roles of
PCP proteins in podocyte development and disease, including their interaction with slit diaphragm proteins to regulate cytoskeletal architecture or the modulation of
glomerular matrix metalloproteinase (MMP) levels.
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of branching (Short et al., 2014; Jafree et al., 2019). Hypotheses
generated from such experiments could then be validated
by leveraging improvements in live imaging of branching
morphogenesis in culture (Akram et al., 2019; Menshykau et al.,
2019). Understanding the role of PCP proteins during kidney
organogenesis may also herald ways to manipulate or enhance
kidney organoid generation, by using CRISPR-based genome
editing for example, to model diseases or to develop regenerative
medicine applications (Woolf, 2019).

PCP proteins have been implicated in both inherited kidney
disorders such as CAKUT and PKD and in acquired kidney
diseases such as glomerulonephritis. Whether and how PCP
proteins modify these diseases could be teased out by screening
for genetic variants in large patient cohorts (UK10K Consortium,
Walter et al., 2015) and manipulating molecular candidates using
in vitro approaches or in animal models. It is essential that
such studies differentiate between planar-polarised behaviours
elicited by PCP proteins or other, alternative functions of
these proteins in cellular processes. For example, the role of
PCP proteins in glomerular disease and whether these involve
planar-polarised behaviours in podocytes or other cell types is
unclear. The discrimination between planar-polarised behaviours
and alternative functions of PCP proteins could be achieved
using two potential strategies. Firstly, future studies should
ascertain whether the molecular basis of PCP; the asymmetry
of core PCP proteins such as VANGL and FZD across the
two-dimensional plane of tissue (Zallen, 2007), is a feature of
events such as branching morphogenesis or podocyte detachment
during glomerular inflammation. Secondly, studies seeking to
understand the role of PCP signalling in renal development or
pathology could make use of compound heterozygous mutations
for core PCP pathway components (Brzóska et al., 2016). Such
“epistatic” experiments could allow the perturbation of PCP
signalling without affecting alternative functions of the proteins
constituting the core pathway.

There are already several early clinical trials in oncology
which are testing compounds designed to manipulate PCP

signalling with the aim of improving clinical outcomes in cancer
(Daulat and Borg, 2017). Repurposing compounds arising from
these trials for inherited and acquired forms of kidney disease,
alongside a better understanding of the involvement of PCP
proteins and planar-polarised behaviours in renal diseases, could
yield a new treatment paradigm for nephrology.

AUTHOR CONTRIBUTIONS

EP and DL prepared the first draft of the manuscript. DJ
prepared the figures. All authors contributed to researching the
data for the article and discussion of the review content and
involved in the subsequent revision and preparation of the final
manuscript for submission.

FUNDING

This work was funded by a Wellcome Trust Postdoctoral
Training Fellowship for MB/Ph.D. graduates (095949/Z/11/Z,
to EP), a Ph.D. studentship from Kids Kidney Research (to EP
and DL), a project grant from the Medical Research Council
(MR/P018629/1, to DL), The Royal Brompton and Harefield
Hospitals charity (grant B1064, to CD) and a Child Health
Research Ph.D. Studentship from UCL Great Ormond Street
Institute of Child Health (to DJ, DL). Professor Long’s laboratory
is supported by the NIHR Biomedical Research Centre at Great
Ormond Street Hospital for Children NHS Foundation Trust and
University College London.

ACKNOWLEDGMENTS

We thank Prof. Adrian Woolf (University of Manchester) for
helpful discussions regarding this work.

REFERENCES
Airik, R., Bussen, M., Singh, M. K., Petry, M., and Kispert, A. (2006). Tbx18

regulates the development of the ureteral mesenchyme. J. Clin. Invest. 116,
663–674. doi: 10.1172/jci26027

Akram, K. M., Yates, L. L., Mongey, R., Rothery, S., Gaboriau, D. C. A., Sanderson,
J., et al. (2019). Live imaging of alveologenesis in precision-cut lung slices
reveals dynamic epithelial cell behaviour. Nat. Commun. 10:1178.

Avner, E. D., Sweeney, W. E., Young, M. C., and Ellis, D. (1988). Congenital murine
polycystic kidney disease. II. Pathogenesis of tubular cyst formation. Pediatr.
Nephrol. 2, 210–218. doi: 10.1007/bf00862593

Aw, W. Y., Heck, B. W., Joyce, B., and Devenport, D. (2016). Transient tissue-
scale deformation coordinates alignment of planar cell polarity junctions in the
mammalian skin. Curr. Biol. 26, 2090–2100. doi: 10.1016/j.cub.2016.06.030

Babayeva, S., Rocque, B., Aoudjit, L., Zilber, Y., Li, J., Baldwin, C., et al. (2013).
Planar cell polarity pathway regulates nephrin endocytosis in developing
podocytes. J. Biol. Chem. 288, 24035–24048. doi: 10.1074/jbc.m113.452904

Babayeva, S., Zilber, Y., and Torban, E. (2011). Planar cell polarity pathway
regulates actin rearrangement, cell shape, motility, and nephrin distribution in
podocytes. Am. J. Physiol. Renal Physiol. 300, F549–F560.

Bagherie-Lachidan, M., Reginensi, A., Pan, Q., Zaveri, H. P., Scott, D. A., Blencowe,
B. J., et al. (2015). Stromal Fat4 acts non-autonomously with Dchs1/2 to restrict
the nephron progenitor pool. Development 142, 2564–2573. doi: 10.1242/dev.
122648

Balbas, M. D., Burgess, M. R., Murali, R., Wongvipat, J., Skaggs, B. J., Mundel, P.,
et al. (2014). MAGI-2 scaffold protein is critical for kidney barrier function.
Proc. Natl. Acad. Sci. U.S.A. 111, 14876–14881. doi: 10.1073/pnas.1417297111

Bergmann, C., Guay-Woodford, L. M., Harris, P. C., Horie, S., Peters, D. J. M., and
Torres, V. E. (2018). Polycystic kidney disease. Nat. Rev. Dis. Primers 4:50.

Bergmann, C., Senderek, J., Windelen, E., Küpper, F., Middeldorf, I., Schneider,
F., et al. (2005). Clinical consequences of PKHD1 mutations in 164 patients
with autosomal-recessive polycystic kidney disease (ARPKD). Kidney Int. 67,
829–848. doi: 10.1111/j.1523-1755.2005.00148.x

Blankenship, J. T., Backovic, S. T., Sanny, J. S. P., Weitz, O., and Zallen, J. A.
(2006). Multicellular rosette formation links planar cell polarity to tissue
morphogenesis. Dev. Cell 11, 459–470. doi: 10.1016/j.devcel.2006.09.007

Brzóska, H. Ł, d’Esposito, A. M., Kolatsi-Joannou, M., Patel, V., Igarashi, P., Lei,
Y., et al. (2016). Planar cell polarity genes Celsr1 and Vangl2 are necessary
for kidney growth, differentiation, and rostrocaudal patterning. Kidney Int. 90,
1274–1284. doi: 10.1016/j.kint.2016.07.011

Frontiers in Physiology | www.frontiersin.org 11 February 2021 | Volume 12 | Article 599529

https://doi.org/10.1172/jci26027
https://doi.org/10.1007/bf00862593
https://doi.org/10.1016/j.cub.2016.06.030
https://doi.org/10.1074/jbc.m113.452904
https://doi.org/10.1242/dev.122648
https://doi.org/10.1242/dev.122648
https://doi.org/10.1073/pnas.1417297111
https://doi.org/10.1111/j.1523-1755.2005.00148.x
https://doi.org/10.1016/j.devcel.2006.09.007
https://doi.org/10.1016/j.kint.2016.07.011
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-599529 February 22, 2021 Time: 19:17 # 12

Papakrivopoulou et al. Planar Cell Polarity in Nephrology

Butler, M. T., and Wallingford, J. B. (2017). Planar cell polarity in development and
disease. Nat. Rev. Mol. Cell Biol. 18, 375–388.

Butler, M. T., and Wallingford, J. B. (2018). Spatial and temporal analysis of PCP
protein dynamics during neural tube closure. eLife 6:7.

Carmona-Fontaine, C., Matthews, H. K., Kuriyama, S., Moreno, M., Dunn,
G. A., Parsons, M., et al. (2008). Contact inhibition of locomotion in vivo
controls neural crest directional migration. Nature 456, 957–961. doi: 10.1038/
nature07441

Caubit, X., Lye, C. M., Martin, E., Coré, N., Long, D. A., Vola, C., et al. (2008).
Teashirt 3 is necessary for ureteral smooth muscle differentiation downstream
of SHH and BMP4. Development 135, 3301–3310. doi: 10.1242/dev.022442

Chacon-Heszele, M. F., Ren, D., Reynolds, A. B., Chi, F., and Chen, P. (2012).
Regulation of cochlear convergent extension by the vertebrate planar cell
polarity pathway is dependent on p120-catenin. Development 139, 968–978.
doi: 10.1242/dev.065326

Cho, B., Pierre-Louis, G., Sagner, A., Eaton, S., and Axelrod, J. D. (2015). Clustering
and negative feedback by endocytosis in planar cell polarity signaling is
modulated by ubiquitinylation of prickle. PLoS Genet. 11:e1005259. doi: 10.
1371/journal.pgen.1005259

Chu, C.-W., and Sokol, S. Y. (2016). Wnt proteins can direct planar cell polarity in
vertebrate ectoderm. eLife 5:e16463.

Combes, A. N., Phipson, B., Lawlor, K. T., Dorison, A., Patrick, R., Zappia, L., et al.
(2019). Single cell analysis of the developing mouse kidney provides deeper
insight into marker gene expression and ligand-receptor crosstalk. Development
146:dev178673. doi: 10.1242/dev.178673

Courbard, J.-R., Djiane, A., Wu, J., and Mlodzik, M. (2009). The apical/basal-
polarity determinant Scribble cooperates with the PCP core factor Stbm/Vang
and functions as one of its effectors. Dev. Biol. 333, 67–77. doi: 10.1016/j.ydbio.
2009.06.024

Daulat, A. M., and Borg, J.-P. (2017). Wnt/planar cell polarity signaling: new
opportunities for cancer treatment. Trends Cancer 3, 113–125. doi: 10.1016/
j.trecan.2017.01.001

Davey, C. F., and Moens, C. B. (2017). Planar cell polarity in moving cells: think
globally, act locally. Development 144, 187–200. doi: 10.1242/dev.122804

Derish, I., Lee, J. K. H., Wong-King-Cheong, M., Babayeva, S., Caplan, J., Leung, V.,
et al. (2020). Differential role of planar cell polarity gene Vangl2 in embryonic
and adult mammalian kidneys. PLoS One 15:e0230586. doi: 10.1371/journal.
pone.0230586

Devenport, D. (2014). The cell biology of planar cell polarity. J. Cell Biol. 207,
171–179. doi: 10.1083/jcb.201408039

Devenport, D., Oristian, D., Heller, E., and Fuchs, E. (2011). Mitotic internalization
of planar cell polarity proteins preserves tissue polarity. Nat. Cell Biol. 13,
893–902. doi: 10.1038/ncb2284

Dohn, M. R., Mundell, N. A., Sawyer, L. M., Dunlap, J. A., and Jessen, J. R.
(2013). Planar cell polarity proteins differentially regulate extracellular matrix
organization and assembly during zebrafish gastrulation. Dev. Biol. 383, 39–51.
doi: 10.1016/j.ydbio.2013.08.027

Findlay, A. S., Panzica, D. A., Walczysko, P., Holt, A. B., Henderson, D. J., West,
J. D., et al. (2016). The core planar cell polarity gene, Vangl2, directs adult
corneal epithelial cell alignment and migration. R. Soc. Open Sci. 3:160658.
doi: 10.1098/rsos.160658

Fischer, E., Legue, E., Doyen, A., Nato, F., Nicolas, J.-F., Torres, V., et al. (2006).
Defective planar cell polarity in polycystic kidney disease. Nat. Genet. 38, 21–23.
doi: 10.1038/ng1701

Formica, C., Happé, H., Veraar, K. A., Vortkamp, A., Scharpfenecker, M., McNeill,
H., et al. (2019). Four-jointed knock-out delays renal failure in an ADPKD
model with kidney injury. J. Pathol. 249, 114–125. doi: 10.1002/path.5286

Galea, G. L., Nychyk, O., Mole, M. A., Moulding, D., Savery, D., Nikolopoulou,
E., et al. (2018). Vangl2 disruption alters the biomechanics of late spinal
neurulation leading to spina bifida in mouse embryos. Dis. Model Mech.
11:dmm032219. doi: 10.1242/dmm.032219

Gao, B., Ajima, R., Yang, W., Li, C., Song, H., Anderson, M. J., et al. (2018).
Coordinated directional outgrowth and pattern formation by integration of
Wnt5a and Fgf signaling in planar cell polarity. Development 145:dev163824.
doi: 10.1242/dev.163824

Gao, B., Song, H., Bishop, K., Elliot, G., Garrett, L., English, M. A., et al. (2011).
Wnt signaling gradients establish planar cell polarity by inducing Vangl2

phosphorylation through Ror2. Dev. Cell 20, 163–176. doi: 10.1016/j.devcel.
2011.01.001

Goggolidou, P., Hadjirin, N. F., Bak, A., Papakrivopoulou, E., Hilton, H., Norris,
D. P., et al. (2014). Atmin mediates kidney morphogenesis by modulating Wnt
signaling. Hum. Mol. Genet. 23, 5303–5316. doi: 10.1093/hmg/ddu246

Gong, Y., Mo, C., and Fraser, S. E. (2004). Planar cell polarity signalling controls
cell division orientation during zebrafish gastrulation. Nature 430, 689–693.
doi: 10.1038/nature02796

Gray, R. S., Roszko, I., and Solnica-Krezel, L. (2011). Planar cell polarity:
coordinating morphogenetic cell behaviors with embryonic polarity. Dev. Cell
21, 120–133. doi: 10.1016/j.devcel.2011.06.011

Guirao, B., Meunier, A., Mortaud, S., Aguilar, A., Corsi, J.-M., Strehl, L., et al.
(2010). Coupling between hydrodynamic forces and planar cell polarity orients
mammalian motile cilia. Nat. Cell Biol. 12, 341–350. doi: 10.1038/ncb2040

Habas, R., Dawid, I. B., and He, X. (2003). Coactivation of Rac and Rho by
Wnt/Frizzled signaling is required for vertebrate gastrulation. Genes Dev. 17,
295–309. doi: 10.1101/gad.1022203

Habas, R., Kato, Y., and He, X. (2001). Wnt/Frizzled activation of Rho regulates
vertebrate gastrulation and requires a novel Formin homology protein Daam1.
Cell 107, 843–854. doi: 10.1016/s0092-8674(01)00614-6

Hartleben, B., Widmeier, E., Wanner, N., Schmidts, M., Kim, S. T., Schneider, L.,
et al. (2012). Role of the polarity protein Scribble for podocyte differentiation
and maintenance. PLoS One 7:e36705. doi: 10.1371/journal.pone.0036705

Hartman, H. A., Lai, H. L., and Patterson, L. T. (2007). Cessation of renal
morphogenesis in mice. Dev. Biol. 310, 379–387. doi: 10.1016/j.ydbio.2007.
08.021

Heck, B. W., and Devenport, D. (2017). Trans-endocytosis of planar cell polarity
complexes during cell division. Curr. Biol. 27, 3725–3733.e4.

Henderson, D. J., Long, D. A., and Dean, C. H. (2018). Planar cell polarity in organ
formation. Curr. Opin. Cell Biol. 55, 96–103. doi: 10.1016/j.ceb.2018.06.011

Hopp, K., Ward, C. J., Hommerding, C. J., Nasr, S. H., Tuan, H.-F., Gainullin, V. G.,
et al. (2012). Functional polycystin-1 dosage governs autosomal dominant
polycystic kidney disease severity. J. Clin. Invest. 122, 4257–4273. doi: 10.1172/
jci64313

Huebner, R. J., and Wallingford, J. B. (2018). Coming to consensus: a unifying
model emerges for convergent extension. Dev. Cell 46, 389–396. doi: 10.1016/j.
devcel.2018.08.003

Humphries, A. C., Narang, S., and Mlodzik, M. (2020). Mutations associated with
human neural tube defects display disrupted planar cell polarity in Drosophila.
eLife 9:e53532.

Jafree, D. J., Long, D. A., Scambler, P. J., and Moulding, D. (2020). Tissue clearing
and deep imaging of the kidney using confocal and two-photon microscopy.
Methods Mol. Biol. 2067, 103–126. doi: 10.1007/978-1-4939-9841-8_8

Jafree, D. J., Moulding, D., Kolatsi-Joannou, M., Perretta Tejedor, N., Price, K. L.,
Milmoe, N. J., et al. (2019). Spatiotemporal dynamics and heterogeneity of
renal lymphatics in mammalian development and cystic kidney disease. eLife
8:e48183.

Jessen, T. N., and Jessen, J. R. (2017). VANGL2 interacts with integrin αv to regulate
matrix metalloproteinase activity and cell adhesion to the extracellular matrix.
Exp. Cell Res. 361, 265–276. doi: 10.1016/j.yexcr.2017.10.026

Juriloff, D. M., and Harris, M. J. (2012). A consideration of the evidence that
genetic defects in planar cell polarity contribute to the etiology of human
neural tube defects. Birth Defects Res. Part A Clin. Mol. Teratol. 94, 824–840.
doi: 10.1002/bdra.23079

Karner, C. M., Chirumamilla, R., Aoki, S., Igarashi, P., Wallingford, J. B., and
Carroll, T. J. (2009). Wnt9b signaling regulates planar cell polarity and kidney
tubule morphogenesis. Nat. Genet. 41, 793–799. doi: 10.1038/ng.400

Keller, R. (2006). Mechanisms of elongation in embryogenesis. Development 133,
2291–2302. doi: 10.1242/dev.02406

Kelly, L. K., Wu, J., Yanfeng, W. A., and Mlodzik, M. (2016). Frizzled-induced van
gogh phosphorylation by CK1ε promotes asymmetric localization of core PCP
factors in Drosophila. Cell Rep. 16, 344–356. doi: 10.1016/j.celrep.2016.06.010

Kispert, A., Vainio, S., Shen, L., Rowitch, D. H., and McMahon, A. P. (1996).
Proteoglycans are required for maintenance of Wnt-11 expression in the ureter
tips. Development 122, 3627–3637.

Klingberg, A., Hasenberg, A., Ludwig-Portugall, I., Medyukhina, A., Männ, L.,
Brenzel, A., et al. (2017). Fully automated evaluation of total glomerular number

Frontiers in Physiology | www.frontiersin.org 12 February 2021 | Volume 12 | Article 599529

https://doi.org/10.1038/nature07441
https://doi.org/10.1038/nature07441
https://doi.org/10.1242/dev.022442
https://doi.org/10.1242/dev.065326
https://doi.org/10.1371/journal.pgen.1005259
https://doi.org/10.1371/journal.pgen.1005259
https://doi.org/10.1242/dev.178673
https://doi.org/10.1016/j.ydbio.2009.06.024
https://doi.org/10.1016/j.ydbio.2009.06.024
https://doi.org/10.1016/j.trecan.2017.01.001
https://doi.org/10.1016/j.trecan.2017.01.001
https://doi.org/10.1242/dev.122804
https://doi.org/10.1371/journal.pone.0230586
https://doi.org/10.1371/journal.pone.0230586
https://doi.org/10.1083/jcb.201408039
https://doi.org/10.1038/ncb2284
https://doi.org/10.1016/j.ydbio.2013.08.027
https://doi.org/10.1098/rsos.160658
https://doi.org/10.1038/ng1701
https://doi.org/10.1002/path.5286
https://doi.org/10.1242/dmm.032219
https://doi.org/10.1242/dev.163824
https://doi.org/10.1016/j.devcel.2011.01.001
https://doi.org/10.1016/j.devcel.2011.01.001
https://doi.org/10.1093/hmg/ddu246
https://doi.org/10.1038/nature02796
https://doi.org/10.1016/j.devcel.2011.06.011
https://doi.org/10.1038/ncb2040
https://doi.org/10.1101/gad.1022203
https://doi.org/10.1016/s0092-8674(01)00614-6
https://doi.org/10.1371/journal.pone.0036705
https://doi.org/10.1016/j.ydbio.2007.08.021
https://doi.org/10.1016/j.ydbio.2007.08.021
https://doi.org/10.1016/j.ceb.2018.06.011
https://doi.org/10.1172/jci64313
https://doi.org/10.1172/jci64313
https://doi.org/10.1016/j.devcel.2018.08.003
https://doi.org/10.1016/j.devcel.2018.08.003
https://doi.org/10.1007/978-1-4939-9841-8_8
https://doi.org/10.1016/j.yexcr.2017.10.026
https://doi.org/10.1002/bdra.23079
https://doi.org/10.1038/ng.400
https://doi.org/10.1242/dev.02406
https://doi.org/10.1016/j.celrep.2016.06.010
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-599529 February 22, 2021 Time: 19:17 # 13

Papakrivopoulou et al. Planar Cell Polarity in Nephrology

and capillary tuft size in nephritic kidneys using lightsheet microscopy. J. Am.
Soc. Nephrol. 28, 452–459. doi: 10.1681/asn.2016020232

Kluger, M. A., Zahner, G., Paust, H.-J., Schaper, M., Magnus, T., Panzer, U.,
et al. (2013). Leukocyte-derived MMP9 is crucial for the recruitment of
proinflammatory macrophages in experimental glomerulonephritis. Kidney Int.
83, 865–877. doi: 10.1038/ki.2012.483

Kobayashi, A., Valerius, M. T., Mugford, J. W., Carroll, T. J., Self, M., Oliver, G.,
et al. (2008). Six2 defines and regulates a multipotent self-renewing nephron
progenitor population throughout mammalian kidney development. Cell Stem
Cell 3, 169–181. doi: 10.1016/j.stem.2008.05.020

Kunimoto, K., Bayly, R. D., Vladar, E. K., Vonderfecht, T., Gallagher, A.-R., and
Axelrod, J. D. (2017). Disruption of core planar cell polarity signaling regulates
renal tubule morphogenesis but is not cystogenic. Curr. Biol. 27, 3120–3131.e4.

Lanktree, M. B., Guiard, E., Li, W., Akbari, P., Haghighi, A., Iliuta, I.-A., et al.
(2019). Intrafamilial variability of ADPKD. Kidney Int. Rep. 4, 995–1003. doi:
10.1016/j.ekir.2019.04.018

Lelongt, B., Bengatta, S., Delauche, M., Lund, L. R., Werb, Z., and Ronco,
P. M. (2001). Matrix metalloproteinase 9 protects mice from anti-glomerular
basement membrane nephritis through its fibrinolytic activity. J. Exp. Med. 193,
793–802. doi: 10.1084/jem.193.7.793

Leonhard, W. N., Happe, H., and Peters, D. J. M. (2016). Variable cyst development
in autosomal dominant polycystic kidney disease: the biologic context. J. Am.
Soc. Nephrol. 27, 3530–3538. doi: 10.1681/asn.2016040425

Li, X., Chuang, P. Y., D’Agati, V. D., Dai, Y., Yacoub, R., Fu, J., et al. (2015). Nephrin
preserves podocyte viability and glomerular structure and function in adult
kidneys. J. Am. Soc. Nephrol. 26, 2361–2377. doi: 10.1681/asn.2014040405

Li, Y., Li, A., Junge, J., and Bronner, M. (2017). Planar cell polarity signaling
coordinates oriented cell division and cell rearrangement in clonally expanding
growth plate cartilage. eLife 6:e23279.

Lienkamp, S. S., Liu, K., Karner, C. M., Carroll, T. J., Ronneberger, O., Wallingford,
J. B., et al. (2012). Vertebrate kidney tubules elongate using a planar cell
polarity-dependent, rosette-based mechanism of convergent extension. Nat.
Genet. 44, 1382–1387. doi: 10.1038/ng.2452

Lin, F., Hiesberger, T., Cordes, K., Sinclair, A. M., Goldstein, L. S. B., Somlo, S., et al.
(2003). Kidney-specific inactivation of the KIF3A subunit of kinesin-II inhibits
renal ciliogenesis and produces polycystic kidney disease. Proc. Natl. Acad. Sci.
U.S.A. 100, 5286–5291. doi: 10.1073/pnas.0836980100

Lindström, N. O., McMahon, J. A., Guo, J., Tran, T., Guo, Q., Rutledge, E.,
et al. (2018). Conserved and divergent features of human and mouse kidney
organogenesis. J. Am. Soc. Nephrol. 29, 785–805. doi: 10.1681/asn.20170
80887

Luyten, A., Su, X., Gondela, S., Chen, Y., Rompani, S., Takakura, A., et al. (2010).
Aberrant regulation of planar cell polarity in polycystic kidney disease. J. Am.
Soc. Nephrol. 21, 1521–1532. doi: 10.1681/asn.2010010127

Majumdar, A., Vainio, S., Kispert, A., McMahon, J., and McMahon, A. P. (2003).
Wnt11 and Ret/Gdnf pathways cooperate in regulating ureteric branching
during metanephric kidney development. Development 130, 3175–3185. doi:
10.1242/dev.00520

Mao, Y., Francis-West, P., and Irvine, K. D. (2015). Fat4/Dchs1 signaling between
stromal and cap mesenchyme cells influences nephrogenesis and ureteric bud
branching. Development 142, 2574–2585. doi: 10.1242/dev.122630

Mao, Y., Mulvaney, J., Zakaria, S., Yu, T., Morgan, K. M., Allen, S., et al. (2011).
Characterization of a Dchs1 mutant mouse reveals requirements for Dchs1-
Fat4 signaling during mammalian development. Development 138, 947–957.
doi: 10.1242/dev.057166

Matis, M., and Axelrod, J. D. (2013). Regulation of PCP by the Fat signaling
pathway. Genes Dev. 27, 2207–2220. doi: 10.1101/gad.228098.113

Matis, M., Russler-Germain, D. A., Hu, Q., Tomlin, C. J., and Axelrod, J. D.
(2014). Microtubules provide directional information for core PCP function.
eLife 3:e02893.

Menshykau, D., Michos, O., Lang, C., Conrad, L., McMahon, A. P., and Iber,
D. (2019). Image-based modeling of kidney branching morphogenesis reveals
GDNF-RET based Turing-type mechanism and pattern-modulating WNT11
feedback. Nat. Commun. 10:239.

Miller, R. K., de la Torre Canny, S. G., Jang, C.-W., Cho, K., Ji, H., Wagner,
D. S., et al. (2011). Pronephric tubulogenesis requires Daam1-mediated planar
cell polarity signaling. J. Am. Soc. Nephrol. 22, 1654–1664. doi: 10.1681/asn.
2010101086

Murdoch, J. N., Damrau, C., Paudyal, A., Bogani, D., Wells, S., Greene, N. D. E.,
et al. (2014). Genetic interactions between planar cell polarity genes cause
diverse neural tube defects in mice. Dis. Model Mech. 7, 1153–1163. doi:
10.1242/dmm.016758

Narimatsu, M., Bose, R., Pye, M., Zhang, L., Miller, B., Ching, P., et al. (2009).
Regulation of planar cell polarity by Smurf ubiquitin ligases. Cell 137, 295–307.
doi: 10.1016/j.cell.2009.02.025

Nauli, S. M., Alenghat, F. J., Luo, Y., Williams, E., Vassilev, P., Li, X., et al. (2003).
Polycystins 1 and 2 mediate mechanosensation in the primary cilium of kidney
cells. Nat. Genet. 33, 129–137. doi: 10.1038/ng1076

Nicolaou, N., Renkema, K. Y., Bongers, E. M. H. F., Giles, R. H., and Knoers,
N. V. A. M. (2015). Genetic, environmental, and epigenetic factors involved
in CAKUT. Nat. Rev. Nephrol. 11, 720–731. doi: 10.1038/nrneph.2015.140

Nikolopoulou, E., Galea, G. L., Rolo, A., Greene, N. D. E., and Copp, A. J.
(2017). Neural tube closure: cellular, molecular and biomechanical mechanisms.
Development 144, 552–566. doi: 10.1242/dev.145904

Nishio, S., Tian, X., Gallagher, A. R., Yu, Z., Patel, V., Igarashi, P., et al. (2010). Loss
of oriented cell division does not initiate cyst formation. J. Am. Soc. Nephrol. 21,
295–302. doi: 10.1681/asn.2009060603

O’Brien, L. L., Combes, A. N., Short, K. M., Lindström, N. O., Whitney, P. H.,
Cullen-McEwen, L. A., et al. (2018). Wnt11 directs nephron progenitor
polarity and motile behavior ultimately determining nephron endowment. eLife
7:e40392.

Oxburgh, L. (2018). Kidney nephron determination. Annu. Rev. Cell Dev. Biol. 34,
427–450. doi: 10.1146/annurev-cellbio-100616-060647

Papakrivopoulou, E., Vasilopoulou, E., Lindenmeyer, M. T., Pacheco, S., Brzóska,
H. Ł, Price, K. L., et al. (2018). Vangl2, a planar cell polarity molecule, is
implicated in irreversible and reversible kidney glomerular injury. J. Pathol. 246,
485–496. doi: 10.1002/path.5158

Park, J., Shrestha, R., Qiu, C., Kondo, A., Huang, S., Werth, M., et al. (2018). Single-
cell transcriptomics of the mouse kidney reveals potential cellular targets of
kidney disease. Science 360, 758–763. doi: 10.1126/science.aar2131

Pietilä, I., Prunskaite-Hyyryläinen, R., Kaisto, S., Tika, E., van Eerde, A. M.,
Salo, A. M., et al. (2016). Wnt5a deficiency leads to anomalies in ureteric
tree development, tubular epithelial cell organization and basement membrane
integrity pointing to a role in kidney collecting duct patterning. PLoS One
11:e0147171. doi: 10.1371/journal.pone.0147171

Pippin, J. W., Brinkkoetter, P. T., Cormack-Aboud, F. C., Durvasula,
R. V., Hauser, P. V., Kowalewska, J., et al. (2009). Inducible rodent
models of acquired podocyte diseases. Am. J. Physiol. Renal Physiol. 296,
F213–F229.

Poobalasingam, T., Yates, L. L., Walker, S. A., Pereira, M., Gross, N. Y., Ali, A., et al.
(2017). Heterozygous Vangl2Looptail mice reveal novel roles for the planar cell
polarity pathway in adult lung homeostasis and repair. Dis. Model Mech. 10,
409–423. doi: 10.1242/dmm.028175

Qian, D., Jones, C., Rzadzinska, A., Mark, S., Zhang, X., Steel, K. P., et al. (2007).
Wnt5a functions in planar cell polarity regulation in mice. Dev. Biol. 306,
121–133. doi: 10.1016/j.ydbio.2007.03.011

Richards, T., Modarage, K., Dean, C., McCarthy-Boxer, A., Hilton, H., Esapa, C.,
et al. (2019). Atmin modulates Pkhd1 expression and may mediate Autosomal
Recessive Polycystic Kidney Disease (ARPKD) through altered non-canonical
Wnt/Planar Cell Polarity (PCP) signalling. Biochim. Biophys. Acta Mol. Basis
Dis. 1865, 378–390. doi: 10.1016/j.bbadis.2018.11.003

Riga, A., Castiglioni, V. G., and Boxem, M. (2019). New insights into apical-basal
polarization in epithelia. Curr. Opin. Cell Biol. 62, 1–8. doi: 10.1016/j.ceb.2019.
07.017

Roberts, J. B. (1961). Congenital anomalies of the urinary tract and their association
with spina bifida. Br. J. Urol. 33, 309–315. doi: 10.1111/j.1464-410x.1961.
tb11621.x

Rocque, B. L., Babayeva, S., Li, J., Leung, V., Nezvitsky, L., Cybulsky, A. V., et al.
(2015). Deficiency of the planar cell polarity protein Vangl2 in podocytes affects
glomerular morphogenesis and increases susceptibility to injury. J. Am. Soc.
Nephrol. 26, 576–586. doi: 10.1681/asn.2014040340

Rossetti, S., and Harris, P. C. (2007). Genotype-phenotype correlations in
autosomal dominant and autosomal recessive polycystic kidney disease. J. Am.
Soc. Nephrol. 18, 1374–1380. doi: 10.1681/asn.2007010125

Roszko, I., Sepich, D. S., Jessen, J. R., Chandrasekhar, A., and Solnica-Krezel,
L. (2015). A dynamic intracellular distribution of Vangl2 accompanies cell

Frontiers in Physiology | www.frontiersin.org 13 February 2021 | Volume 12 | Article 599529

https://doi.org/10.1681/asn.2016020232
https://doi.org/10.1038/ki.2012.483
https://doi.org/10.1016/j.stem.2008.05.020
https://doi.org/10.1016/j.ekir.2019.04.018
https://doi.org/10.1016/j.ekir.2019.04.018
https://doi.org/10.1084/jem.193.7.793
https://doi.org/10.1681/asn.2016040425
https://doi.org/10.1681/asn.2014040405
https://doi.org/10.1038/ng.2452
https://doi.org/10.1073/pnas.0836980100
https://doi.org/10.1681/asn.2017080887
https://doi.org/10.1681/asn.2017080887
https://doi.org/10.1681/asn.2010010127
https://doi.org/10.1242/dev.00520
https://doi.org/10.1242/dev.00520
https://doi.org/10.1242/dev.122630
https://doi.org/10.1242/dev.057166
https://doi.org/10.1101/gad.228098.113
https://doi.org/10.1681/asn.2010101086
https://doi.org/10.1681/asn.2010101086
https://doi.org/10.1242/dmm.016758
https://doi.org/10.1242/dmm.016758
https://doi.org/10.1016/j.cell.2009.02.025
https://doi.org/10.1038/ng1076
https://doi.org/10.1038/nrneph.2015.140
https://doi.org/10.1242/dev.145904
https://doi.org/10.1681/asn.2009060603
https://doi.org/10.1146/annurev-cellbio-100616-060647
https://doi.org/10.1002/path.5158
https://doi.org/10.1126/science.aar2131
https://doi.org/10.1371/journal.pone.0147171
https://doi.org/10.1242/dmm.028175
https://doi.org/10.1016/j.ydbio.2007.03.011
https://doi.org/10.1016/j.bbadis.2018.11.003
https://doi.org/10.1016/j.ceb.2019.07.017
https://doi.org/10.1016/j.ceb.2019.07.017
https://doi.org/10.1111/j.1464-410x.1961.tb11621.x
https://doi.org/10.1111/j.1464-410x.1961.tb11621.x
https://doi.org/10.1681/asn.2014040340
https://doi.org/10.1681/asn.2007010125
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-599529 February 22, 2021 Time: 19:17 # 14

Papakrivopoulou et al. Planar Cell Polarity in Nephrology

polarization during zebrafish gastrulation. Development 142, 2508–2520. doi:
10.1242/dev.119032

Rutledge, E. A., Benazet, J.-D., and McMahon, A. P. (2017). Cellular
heterogeneity in the ureteric progenitor niche and distinct profiles of branching
morphogenesis in organ development. Development 144, 3177–3188. doi: 10.
1242/dev.149112

Saburi, S., Hester, I., Fischer, E., Pontoglio, M., Eremina, V., Gessler, M., et al.
(2008). Loss of Fat4 disrupts PCP signaling and oriented cell division and leads
to cystic kidney disease. Nat. Genet. 40, 1010–1015. doi: 10.1038/ng.179

Saburi, S., Hester, I., Goodrich, L., and McNeill, H. (2012). Functional interactions
between Fat family cadherins in tissue morphogenesis and planar polarity.
Development 139, 1806–1820. doi: 10.1242/dev.077461

Schell, C., and Huber, T. B. (2017). The evolving complexity of the podocyte
cytoskeleton. J. Am. Soc. Nephrol. 28, 3166–3174. doi: 10.1681/asn.2017020143

Segalen, M., and Bellaïche, Y. (2009). Cell division orientation and planar cell
polarity pathways. Semin. Cell Dev. Biol. 20, 972–977. doi: 10.1016/j.semcdb.
2009.03.018

Ségalen, M., Johnston, C. A., Martin, C. A., Dumortier, J. G., Prehoda, K. E., David,
N. B., et al. (2010). The Fz-Dsh planar cell polarity pathway induces oriented cell
division via Mud/NuMA in Drosophila and zebrafish. Dev. Cell 19, 740–752.

Shima, Y., Copeland, N. G., Gilbert, D. J., Jenkins, N. A., Chisaka, O., Takeichi,
M., et al. (2002). Differential expression of the seven-pass transmembrane
cadherin genes Celsr1-3 and distribution of the Celsr2 protein during mouse
development. Dev. Dyn. 223, 321–332.

Shimada, Y., Yonemura, S., Ohkura, H., Strutt, D., and Uemura, T. (2006).
Polarized transport of Frizzled along the planar microtubule arrays in
Drosophila wing epithelium. Dev. Cell 10, 209–222.

Short, K. M., Combes, A. N., Lefevre, J., Ju, A. L., Georgas, K. M., Lamberton, T.,
et al. (2014). Global quantification of tissue dynamics in the developing mouse
kidney. Dev. Cell 29, 188–202.

Short, K. M., and Smyth, I. M. (2020). Branching morphogenesis as a driver of renal
development. Anat. Rec. (Hoboken) 303, 2578–2587.

Shrestha, R., Little, K. A., Tamayo, J. V., Li, W., Perlman, D. H., and Devenport, D.
(2015). Mitotic control of planar cell polarity by polo-like kinase 1. Dev. Cell 33,
522–534.

Simons, M., and Mlodzik, M. (2008). Planar cell polarity signaling: from fly
development to human disease. Annu. Rev. Genet. 42, 517–540.

Stramer, B., and Mayor, R. (2017). Mechanisms and in vivo functions of contact
inhibition of locomotion. Nat. Rev. Mol. Cell Biol. 18, 43–55.

Tada, M., and Heisenberg, C.-P. (2012). Convergent extension: using collective
cell migration and cell intercalation to shape embryos. Development 139,
3897–3904.

Takakura, A., Contrino, L., Beck, A. W., and Zhou, J. (2008). Pkd1 inactivation
induced in adulthood produces focal cystic disease. J. Am. Soc. Nephrol. 19,
2351–2363.

UK10K Consortium, Walter, K., Min, J. L., Huang, J., Crooks, L., Memari, Y., et al.
(2015). The UK10K project identifies rare variants in health and disease. Nature
526, 82–90.

Ward, C. J., Yuan, D., Masyuk, T. V., Wang, X., Punyashthiti, R., Whelan,
S., et al. (2003). Cellular and subcellular localization of the ARPKD
protein; fibrocystin is expressed on primary cilia. Hum. Mol. Genet. 12,
2703–2710.

Williams, B. B., Cantrell, V. A., Mundell, N. A., Bennett, A. C., Quick, R. E., and
Jessen, J. R. (2012). VANGL2 regulates membrane trafficking of MMP14 to
control cell polarity and migration. J. Cell Sci. 125(Pt 9), 2141–2147.

Winter, C. G., Wang, B., Ballew, A., Royou, A., Karess, R., Axelrod, J. D.,
et al. (2001). Drosophila Rho-associated kinase (Drok) links Frizzled-mediated
planar cell polarity signaling to the actin cytoskeleton. Cell 105, 81–91.

Woolf, A. S. (2019). Growing a new human kidney. Kidney Int. 96, 871–882.
Xu, J., Wong, E. Y. M., Cheng, C., Li, J., Sharkar, M. T. K., Xu, C. Y., et al.

(2014). Eya1 interacts with Six2 and Myc to regulate expansion of the nephron
progenitor pool during nephrogenesis. Dev. Cell 31, 434–447.

Yasunaga, T., Hoff, S., Schell, C., Helmstädter, M., Kretz, O., Kuechlin, S.,
et al. (2015). The polarity protein Inturned links NPHP4 to Daam1 to
control the subapical actin network in multiciliated cells. J. Cell Biol. 211,
963–973.

Yates, L. L., Papakrivopoulou, J., Long, D. A., Goggolidou, P., Connolly, J. O.,
Woolf, A. S., et al. (2010). The planar cell polarity gene Vangl2 is required
for mammalian kidney-branching morphogenesis and glomerular maturation.
Hum. Mol. Genet. 19, 4663–4676.

Ybot-Gonzalez, P., Savery, D., Gerrelli, D., Signore, M., Mitchell, C. E., Faux, C. H.,
et al. (2007). Convergent extension, planar-cell-polarity signalling and initiation
of mouse neural tube closure. Development 134, 789–799.

Ye, X., Wang, Y., Rattner, A., and Nathans, J. (2011). Genetic mosaic analysis
reveals a major role for frizzled 4 and frizzled 8 in controlling ureteric growth
in the developing kidney. Development 138, 1161–1172.

Yoshimura, Y., and Nishinakamura, R. (2019). Podocyte development, disease, and
stem cell research. Kidney Int. 96, 1077–1082.

Zallen, J. A. (2007). Planar polarity and tissue morphogenesis. Cell 129, 1051–1063.
Zhang, H., Bagherie-Lachidan, M., Badouel, C., Enderle, L., Peidis, P., Bremner, R.,

et al. (2019). FAT4 fine-tunes kidney development by regulating RET signaling.
Dev. Cell 48, 780–792.e4.

Zhu, J., Sun, N., Aoudjit, L., Li, H., Kawachi, H., Lemay, S., et al. (2008). Nephrin
mediates actin reorganization via phosphoinositide 3-kinase in podocytes.
Kidney Int. 73, 556–566.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Papakrivopoulou, Jafree, Dean and Long. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 14 February 2021 | Volume 12 | Article 599529

https://doi.org/10.1242/dev.119032
https://doi.org/10.1242/dev.119032
https://doi.org/10.1242/dev.149112
https://doi.org/10.1242/dev.149112
https://doi.org/10.1038/ng.179
https://doi.org/10.1242/dev.077461
https://doi.org/10.1681/asn.2017020143
https://doi.org/10.1016/j.semcdb.2009.03.018
https://doi.org/10.1016/j.semcdb.2009.03.018
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	The Biological Significance and Implications of Planar Cell Polarity for Nephrology
	Introduction
	A Brief Overview of Planar Cell Polarity
	Molecules Involved in Planar Cell Polarity
	Extracellular and Intracellular Control of Planar Cell Polarity

	Planar Cell Polarity Orchestrates Kidney Organogenesis
	Planar Cell Polarity and Ureteric Bud Branching
	Planar Cell Polarity During Renal Tubular Morphogenesis
	Planar Cell Polarity Proteins in Podocyte Maturation

	The Involvement of Planar Cell Polarity in Renal Diseases
	Associations Between Variants of Planar Cell Polarity-Encoding Genes and Human Kidney Malformations
	The Relationship Between Planar Cell Polarity and Polycystic Kidney Disease
	Planar Cell Polarity Proteins as Novel Players in Glomerular Disease

	Future Directions
	Author Contributions
	Funding
	Acknowledgments
	References


